Abstract-We present the prototype-development of a tantalum X-ray collimator for AXT AR (Advanced X-ray Timing Array), a mission concept for an advanced X-ray timing experiment. The collimator is micro-fabricated in a two step process: (i) laser-machining of a hole array in Ta with an Americum-241 source and a commercial silicon detector.
I. INTRODUCTION
T HE requirements of new X-ray timing instruments call for re-thinking design of the collimator unit that provides source isolation. In order to not dominate the mission mass and volume budgets, the collimator must be much thinner and lighter than previous honeycomb colllimator designs.
We are developing a new collimator technology, consisting of thin tantalum sheets with micromachined holes that promises to reduce the mass and volume by more than an order of magnitude when compared to conventional collimator technologies. The high Z of tantalum enables excellent performance at energies up to 80 keY, unlike alternatives that employ leadglass microcapillary plates.
These collimators are designed for large area X-ray timing missions. Candidate mission concepts, such as AXT AR [1] and LOFT [2] employ large area solid state silicon detectors in place of the massive and bulky gas proportional counters currently being used. Fig. (1) shows a "supermodule" for the a concept of the AXT AR mission. The collimator (grey) is mounted directly on top of the solid state detector and read-out electronics (blue and green layers). Moving to such thin, light detectors means that the mass and volume of the collimators used to restrict the field of view can become dominant considerations in mission design. Thus, thin, light collimator designs become a critical, mission enabling technology, yet performance, particularly at the high energies (15-30 or more ke V), must be maintained. Nowadays, standard collimators are made from leadglass polycapillary plates. These are appealing for their low mass and thin profiles, but are ineffective at higher energies (becoming largely transparent by 30 keY) and may be difficult to achieve open fractions higher than about 0.6-0.7. We use a higher Z material than leadglass, such as tantalum sheet that is perforated with precisely machined holes. The emergence of nano-fabrication technology promises to make such collimators possible through precision positioning and machining of fine holes in metals as well as through the automation of production for large scale needs. This work seeks to develop such a collimator and demonstrate its capability to greatly improve the performance and maximum effective area of future X-ray timing missions. 
II. MODELED PERFORMANCE
The expected performance of a tantalum collimator and lead glass collimator was modeled using Monte Carlo radiation transport programs. The SWORD software package [3] was used to model a micro-machined collimator in GEANT4 [4] . The same collimator geometry was modeled with two different materials, tantalum and lead glass (40% lead by weight, or a density of 5.9 g/cm 3 ). The modeled geometry consisted of a 2 mm thick collimator with 53 micron holes on a 60 micron pitch hexagonally close packed, see Fig. ( 2) for a simple schematic. A total of � 15000 holes were modeled to simulate a � 7 mm x 8 mm collimator area. The angular response was modeled in 0.1 degree steps for 10, 20, 40 and 80 keY beams of photons. The results are shown in Fig. (3) . The poor collimation of the lead glass at energies of 20 keY (and higher) is very clearly seen. The simulation of the tantalum collimator shows that even at 40 keY, the maximum first sidelobe (at � 2.5 degrees) is attenuated by more than two orders of magnitude. This is achieved with a 2 mm thick collimator and a density of
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Fig . 3 . Angular response of identical tantalum (top) and lead glass collimators (bottom).
III. MICRO-FABRICATION
We are using laser-micromachining for the collimator micro-fabrication, see Fig (4) . Laser-micromachining is now a mature technology used commonly in all kinds of industries, ranging from microelectronics to aerospace applications. Laser-micromachining can generate very high aspect ratio holes in all kinds of materials, including high Z metals. It's fast and can be used for large areas. A laser expels material by either vaporizing or melting it. It takes about 75 percent more energy to vaporize than melt a material, so, in principle, vaporization is faster. 5) shows a photo from a first prototype. The hole array size is about 1 cm 2 • The substrate thickness was 1.7 mm. After etching, the hole diameter was �80 microns. The final aspect ratio of the hole was � 20 to 1. During the initial tests, the laser pulse power and frequency was set at 10 mJ and 10 kHz respectively. During percussion drilling the laser is held at a fixed position for several milliseconds. We drilled, for example, through a 2 mm Ta sheet in 0.75 sec. The holes formed a close packed two-dimensional lattice. After laser-machining, the holes were reamed by a chemical etch step. The etch solution used was 1: 1 HF:HN03• HF is hydrofluoric acid and HN03 nitric acid. The nitric acid oxidizes the tantalum and the hydrofluoric acid dissolves the generated oxide. The reaction is exothermic, generating heat. The purpose of the etching step is twofold: (i) The chemical etch step removed some of the laser induced damage and smoothed the side walls. (ii) The etching step enlarges the hole to the desired diameter. Furthermore, the etching step allows for a fast laser-drilling because some of the material is removed during the chemical etch step. Fig. (6) shows an array before and after chemical etching. Speed is an issue for large area collimators. Fig. (7) shows a SEM (scanning electron micrograph) cross section of 0.5 mm thick Ta foil. The maximal achieved aspect ratio was 60: 1 (2 mm thick Ta sheet). 
IV. PROTOTYPE TESTING AND ANALYZES
The angular response of the collimator was measured with an Am-241 source and a commercial silicon detector (Amptek XR100C). The 10 mCi source was collimated down to a 3 mm diameter using a lead pinhole that was 10 cm in front of the micro-machined tantalum collimator. The detector was positioned 23 cm from the collimator and scanned the response in 0.5 degree steps from -3 to +3 degrees. The resulting angular response for the 17.74 keV line is shown in Fig. (8) . The angular response is consistent with the width expected from the collimator when the angular extent of the source is taken into account. One important parameter is the fraction from hole area vs. overall area (porosity) --the higher the porosity the better the X-ray transparency for the collimator. We wrote an image processing software for micrographs, see Fig. (9) . Each hole is counted and its area determined. The image on the left has a porosity of 70%. Our goal is to achieve a FWHM angular response of 1 deg with an open area ratio of>75%. 
V. CONCLUSIONS
We present a new collimator technology, consisting of thin tantalum sheets with micromachined holes. The high Z of tantalum enables excellent performance at energies up to 80 keY, unlike alternatives that employ leadglass microcapillary plates. We made and tested a prototype collimator. The prototype collimates over ± 3 degrees. Future work will increase hole aspect ratio and collimator size. Our target is a collimator with collimation < 1 degrees FWHM.
